Duchenne muscular dystrophy (DMD) is a devastating muscle wasting disease caused by mutations in dystrophin. Several downstream consequences of dystrophin deficiency are triggers of endoplasmic reticulum (ER) stress, including loss of calcium homeostasis, hypoxia and oxidative stress. During ER stress, misfolded proteins accumulate in the ER lumen and the unfolded protein response (UPR) is triggered, leading to adaptation or apoptosis. We hypothesized that ER stress is heightened in dystrophic muscles and contributes to the pathology of DMD. We observed increases in the ER stress markers BiP and cleaved caspase-4 in DMD patient biopsies, compared with controls, and an increase in multiple UPR pathways in muscles of the dystrophin-deficient mdx mouse. We then crossed mdx mice with mice null for caspase-12, the murine equivalent of human caspase-4, which are resistant to ER stress. We found that deleting caspase-12 preserved mdx muscle function, resulting in a 75% recovery of both specific force generation and resistance to eccentric contractions. The compensatory hypertrophy normally found in mdx muscles was normalized in the absence of caspase-12; this was found to be due to decreased fibre sizes, and not to a fibre type shift or a decrease in fibrosis. Fibre central nucleation was not significantly altered in the absence of caspase-12, but muscle fibre degeneration found in the mdx mouse was reduced almost to wild-type levels. In conclusion, we have identified heightened ER stress and abnormal UPR signalling as novel contributors to the dystrophic phenotype. Caspase-4 is therefore a potential therapeutic target for DMD.
INTRODUCTION
Duchenne muscular dystrophy (DMD) is a devastating muscle wasting disease, affecting 1:5000 males (1, 2) . It is caused by mutations in dystrophin, a component of the dystrophin glycoprotein complex (DGC) found at the sarcolemma of muscle fibres. The DGC links the extracellular matrix to the intracellular cytoskeleton, providing structural integrity to the myofibre and the sarcolemma. In the absence of dystrophin, the DGC is lost from the sarcolemma, rendering the muscle more susceptible to damage during contraction. The sarcolemma becomes leaky and calcium homeostasis is impaired (reviewed in 3). Cycles of degeneration and regeneration ensue, eventually leading to the replacement of muscle fibres with fibrotic and adipose tissue (4) . Other downstream consequences of dystrophin deficiency include hypoxia, due to respiratory muscle weakness and loss of regulation of vasoconstriction/dilation during exercise by the DGC-associated neuronal nitric oxide synthesis (5, 6) , and oxidative stress, arising from increased NADPH oxidase activity (reviewed in 7). Patients experience progressive loss of muscle strength, dependence on a wheelchair, cardiomyopathy, respiratory insufficiency and a shortened lifespan (2, 4, 8) . There is currently no effective treatment available.
Several secondary consequences of dystrophin deficiency, namely calcium dysregulation, hypoxia/ischaemia and oxidative stress, are causes of endoplasmic reticulum (ER) stress, a condition in which normal ER function is disrupted (9) (10) (11) (12) (13) (14) (15) . During ER stress, unfolded and misfolded proteins accumulate in the ER lumen, triggering a set of signalling pathways termed the unfolded protein response (UPR). In the short term, the UPR inhibits protein synthesis. In the longer term, the UPR leads to adaptive changes, such as an increase in ER protein folding chaperones, or, if this is not sufficient to alleviate the stress, to apoptosis (reviewed in 16) . A low level of basal UPR signalling occurs in normal skeletal muscle (17) . Interestingly, in mice null for hexose-6-phosphate dehydrogenase, an enzyme that helps maintain the ER redox environment, ER stress markers are upregulated in skeletal muscle and a severe myopathy develops (18) , suggesting that excessive ER stress leads to muscle dysfunction. ER stress has also been proposed to be a primary cause of the pathology of dystroglycanopathies, based on a zebrafish model (19) .
Three main pathways comprise the apoptotic arm of the UPR (Fig. 1) . The first involves upregulation of CCAAT/enhancer binding protein homologous protein (CHOP) downstream of protein kinase RNA-like endoplasmic reticulum kinase (PERK) activation, the second involves IRE-1a-dependent activation of c-jun N-terminal kinase (JNK) and the third involves murine caspase-12 or its human equivalent caspase-4 (20) (human caspase-12 is an inactive pseudogene in most individuals (21, 22) ; here caspase-12 will refer to the murine gene). Caspase-12 and -4 are initiator caspases localized to the cytoplasmic face of the ER membrane (23, 24) and are expressed in skeletal and cardiac muscle (25) (26) (27) (28) . Caspase-12 and -4 are activated specifically by ER stress, but not by other apoptotic stimuli (20, 29) ; in turn they cleave and activate caspase-9, which activates caspase-3, leading to apoptosis (30, 31) . In addition to initiating apoptosis via caspase-3, activated caspase-12 translocates to the nucleus, and may carry out apoptotic events directly (32) . Caspase-12/4 is activated via cleavage by caspase-7 (33) or m-calpain (23, 34) , and/or via release from TNF receptorassociated factor 2 (TRAF2), homodimerization and autoprocessing (35) . Caspase-12-null mice exhibit no overt abnormalities (29) , but are resistant to ER stress-induced apoptosis, as are caspase-12/4-deficient cultured cells (20, 29, 36) . Therefore, caspase-12/4 may represent an attractive target for blocking deleterious effects of ER stress in vivo.
We hypothesized that heightened ER stress occurs in dystrophin-deficient muscle, and that subsequent UPR activation contributes to the pathology of DMD. We crossed caspase-12-null (casp) mice with dystrophin-deficient (mdx) mice, a model for DMD, to generate dystrophin-deficient, caspase-12-null mice (mdx-casp), and used measures of muscle function, morphology and UPR activation to determine the contribution of ER stress to dystrophic pathology.
RESULTS

ER stress is heightened in dystrophic muscle
Several triggers for ER stress occur as a result of dystrophin deficiency in DMD and in mdx mice. To determine whether dystrophin loss led to ER stress and UPR activation, muscle samples were obtained from biopsies of DMD patients and healthy controls and levels of UPR proteins were measured by immunoblotting. The ER chaperone BiP was increased in all five DMD patients, compared with the three healthy controls, with increases ranging from 2-fold to over 40-fold ( Fig. 2A and C). On measuring caspase-4 it was found that levels of procaspase-4 were not different between control and DMD muscles. However, cleaved caspase-4 was observed in all five DMD patient samples, whereas it was not detected in any of the healthy controls ( Fig. 2A and B) . Therefore, in DMD muscle, ER stress is heightened and UPR signalling is increased, including cleavage of caspase-4.
Having found that ER stress is elevated in DMD, ER stress was evaluated in multiple muscles from mdx mice. UPR signalling proteins were examined by immunoblotting of the tibialis anterior (TA), extensor digitorum longus (EDL) and diaphragm muscles from 5-month-old C57 and mdx mice. Similar to Figure 1 . The unfolded protein response. Under ER stress, the chaperone BiP binds to misfolded proteins in the ER lumen, sequestering it away from ER membrane proteins IRE1a, PERK and ATF6a and causing their activation. IRE1a and PERK are activated by phosphorylation, ATF6a by translocation to the Golgi and proteolytic cleavage. The three arms of UPR signalling collectively bring about the acute response (protein synthesis inhibition and ER-associated mRNA degradation), the adaptive response (upregulation of adaptive genes such as BiP) and, if ER stress cannot be overcome, the apoptotic response (mediated by caspase-12, CHOP and JNK). BiP, binding protein; IRE1a, inositol requiring enzyme 1a; PERK, protein kinase RNA-like endoplasmic reticulum kinase; ATF6a, activating transcription factor 6a; eIF2a, eukaryotic initiation factor 2a; casp-12, caspase-12; JNK, c-jun N-terminal kinase; CHOP, CCAAT/enhancer binding protein homologous protein.
Dashed arrows indicate pathways proposed but not known conclusively to occur. DMD muscles, BiP was expressed at higher levels in mdx TA, EDL and diaphragm muscles, compared with C57 (Figs 3A and 4B and Supplementary Material, Fig. S1B ). In terms of the apoptotic UPR, mdx muscles had an increase in both the proand cleaved forms of the ER stress-specific caspase-12 (Figs 3B and 4A and Supplementary Material, Fig. S1A ). Mdx TA muscles also had increased levels of the ER stress-activated, pro-apoptotic protein CHOP and increased activation of JNK, which responds to ER stress ( Fig. 3C and D ; see also Fig. 1 ). These results validated the hypothesis that ER stress is heightened, and that both the adaptive and the apoptotic arms of the UPR are more active, in different dystrophin-deficient muscles.
Compensatory changes in the UPR in the absence of caspase-12
To examine the contribution of ER stress to the dystrophic phenotype, mdx mice were crossed with caspase-12-null (casp) mice, which are resistant to ER stress, generating mdx-casp mice. To determine the effect on the UPR of deleting caspase-12, immunoblotting was used to measure levels and activation of UPR proteins in TA, EDL and diaphragm muscles from 5-month-old C57, casp, mdx and mdx-casp mice. In the TA muscle, levels of BiP were unchanged between C57 and casp mice, but were increased further in mdx-casp mice, compared with mdx mice (Fig. 3A) . In the EDL and diaphragm muscles, BiP was not increased in casp mice compared with C57, but was decreased in mdx-casp mice, compared with mdx, although it remained elevated compared with C57 (Figs 4B and S1B). In the TA muscle, activation (phosphorylation) of JNK was decreased in mdx-casp muscles compared with mdx, while levels of CHOP were not different between mdx and mdx-casp mice. Neither phospho (P)-JNK or CHOP levels were increased in casp mice compared with C57 ( Fig. 3C and D) . Taken together, these data show that while deletion of caspase-12 has no effect on basal UPR signalling found in C57 mice, deletion of caspase-12 in mdx mice leads to changes in other UPR pathways, in a muscle-specific manner.
Lack of caspase-12 preserves mdx muscle function
To assess the effect of caspase-12 deletion on muscle function, EDL muscles were dissected from C57, casp, mdx and mdxcasp mice aged 5 months or 1 year, and subjected to a series of ex vivo muscle mechanics measurements. Consistent with previous studies, EDL muscles from 5-month-old mdx mice had a 17% deficit in specific force production, compared with C57 mice. Mdx-casp mice showed a 74% recovery of this deficit, having specific force production only 6% less than C57 mice (Fig. 5A ). Five-month-old mdx mice also showed a characteristic susceptibility to loss of force production following a series of eccentric contractions (ECCs), having a 4-fold greater loss of force than did C57 muscles subjected to the same protocol. Again, this deficit was corrected by 75% in mdx-casp muscles, which had only a 1.8-fold greater force loss than did C57 muscles (Fig. 5B) . These effects persisted to some extent even in 1-year-old mice. One-year-old mdx mice had a 29% deficit in EDL specific force, compared with C57, which was 30% corrected in mdx-casp mice. Similarly, 1-year-old mdx EDL muscles had an 11-fold greater loss of force on ECC than C57 muscles, and this was recovered by 27% in mdx-casp muscles, although neither result was statistically significant (Fig. 5C and D). Casp mice were similar to C57 mice in all cases ( Fig. 5A-D) . Measurement of twitch and absolute tetanic forces of the EDL did not reveal differences between mdx and mdx-casp mice, nor was there any recovery of diaphragm muscle function (Table 1 ). These results demonstrate that deletion of caspase-12 preserves muscle function in mdx mice at 5 months of age, and that some beneficial effects persist up to 1 year of age. These findings implicate caspase-12 and ER stress in the pathology of dystrophin-deficient muscles.
Susceptibility to ECCs is an indicator of sarcolemmal fragility. Therefore, serum creatine kinase (CK) was assayed in 5-month-old C57, casp, mdx and mdx-casp mice. Although mdx-casp mice showed a trend towards decreased serum CK compared with mdx mice, the magnitude was relatively small (a 29% recovery) and thus is unlikely to explain the improvement in muscle function (Fig. 6) .
Caspase-12 null mice have a C57Bl6 background, while mdx mice have a C57Bl10 background, so that mdx-casp mice have a mixed background. We have previously demonstrated that there is no difference in the mechanical properties of these strains (37) . To confirm that the improvements in muscle function, hypertrophy and degeneration were not due to the background strain, mdx-casp mice were backcrossed with mdx mice and F2 mdx and mdx-casp littermates were used to key mechanical measurements. F2 mdx mice had a more severe deficit in muscle function than previous mdx mice, which suggested that the introduction of the C57Bl6 background alone did not improve muscle function. F2 mdx-casp mice still displayed an improvement in specific force, resistance to ECCs and reduced muscle mass and CSA, compared with their mdx littermates. However, based on a limited number of animals, the size of the effect was somewhat reduced (data not shown), suggesting there could be genetic modifiers of the phenotype.
Lack of caspase-12 corrects mdx muscle hypertrophy
Muscles from mdx mice have an increased mass and crosssectional area (CSA), due to compensatory hypertrophy and increased fibrosis. Measurement of EDL muscles from 5-month-old mdx mice showed a 23% increase in mass, compared with C57 EDL muscles, which was completely corrected in mdx-casp mice (Fig. 7A) . Furthermore, there was a 28% increase in the calculated CSA of mdx EDL muscles, which was 84% corrected in mdx-casp mice (Fig. 7B) . Again, these effects partially persisted in 1-year-old mdx mice, where EDL muscles had a 26% increase in mass and a 36% increase in CSA, and these parameters were corrected in mdx-casp mice by 72 and 53%, respectively ( Fig. 7C and D) . Casp mice were similar to C57 mice in all cases ( Fig. 7A-D) . The mass of the TA showed a similar pattern to the mass of the EDL at 5 months of age, but this pattern was lost at 1 year of age. In contrast, the mass of the soleus was increased in mdx mice at 5 months and 1 year of age, but was not affected by deletion of caspase-12. Finally, the mass of the heart was not different between any of the four genotypes ( Table 1) .
Lack of caspase-12 affects fibre size and number but not type
To investigate these differences further, the distribution of fibre sizes was measured in EDL muscles from 5-month-old C57, casp, mdx and mdx-casp mice. In accordance with the known phenotype, mdx EDL muscles had an increased number of smaller fibres (under 700 mm 2 ), representing newly regenerated fibres, and an increased number of very large fibres (over 2100 mm 2 ), representing degenerating or hypertrophied fibres, compared with C57 ( Fig. 8A and B) . Surprisingly, given their completely normal muscle function ( Fig. 5 and Table 1 ), the distribution of fibre sizes in casp EDL muscles was shifted towards smaller sizes, compared with C57 (Fig. 8A ). Mdx-casp mice showed an additive phenotype, with the distribution of fibre sizes being further shifted towards smaller sizes, compared with mdx mice (Fig. 8B) . The average fibre size was not different between C57 and mdx EDL muscles, but was decreased by 20% in casp and mdx-casp (Fig. 8C ).
Mdx mice also showed a 31% increase in the number of fibres in the EDL muscle. This was normalized by 50% in mdx-casp mice (Fig. 8D) .
To determine whether the changes in fibre size in the absence of caspase-12 were due to a change in fibre type, the proportion and size of fibres positive for myosin heavy chain (MyHC) IIb were measured in 5-month-old C57, casp, mdx and mdx-casp EDL muscles. The percentage of IIb fibres was not different between the four genotypes, demonstrating that absence of caspase-12 does not result in the loss of the IIb fibres (Fig. 9A) . However, the size of IIb fibres was reduced in the absence of caspase-12, reflecting the size reduction observed for total fibres. Specifically, the average size of IIb fibres was reduced by 25% in casp and 20% in mdx-casp EDL muscles, compared with C57. (Fig. 9B) . As was the case for total fibres, deletion of caspase-12 shifted the IIb fibre size distribution towards smaller fibres in both C57 and mdx mice ( Fig. 9C and D). Taken together, these results demonstrate that deletion of caspase-12 does not cause a fibre type shift, at least in the predominant IIb fibre population of the EDL muscle, but rather causes a decrease in the size of the IIb fibres.
Neither muscle morphology nor fibrosis is altered in the absence of caspase-12
The increased size of dystrophin-deficient muscles reflects both true hypertrophy and the replacement of muscle with fibrous and adipose tissue. To determine whether a reduction in fibrosis contributed to the correction of mass and CSA in mdx-casp EDL muscles, the collagen content of 5-month-old C57, casp, mdx and mdx-casp EDL muscles was assessed. Collagen content was moderately increased (1.5-fold) in mdx EDL muscles compared with C57 muscles, although this was not statistically significant. Mdx-casp EDL collagen content was not different to mdx (Fig. 10A and C) . In order to see any differences in fibrosis more clearly, collagen content was also assessed in 5-month-old diaphragm muscles, where mdx fibrosis is more extensive. Collagen content was increased 2-fold in mdx diaphragm muscles compared with C57, but no reduction in fibrosis was observed in mdx-casp diaphragm muscles ( Fig. 10B and D) . These findings exclude a decrease in fibrosis as the mechanism of improved muscle function in mdx-casp mice.
To examine the general morphology of C57 and dystrophic muscle in the presence and absence of caspase-12, TA muscles from 5-month-old C57, casp, mdx and mdx-casp mice were stained with haematoxylin and eosin. Without quantitation of specific features, the general appearance of casp muscles was similar to C57 muscles, while the general appearance of mdx-casp muscles was similar to mdx muscles (Fig. 11) .
Muscle fibre degeneration is reduced in the absence of caspase-12
Dystrophic muscles undergo continuous cycles of degeneration and regeneration, and centrally nucleated fibres (CNFs) serve as an index of this process. To determine whether the absence of caspase-12 altered the number of regenerating fibres, the percentage of CNFs was measured in 5-month-old C57, casp, mdx and mdx-casp EDL muscles. As has been previously shown, CNFs were greatly increased in mdx EDL muscles (12-fold more than C57). Mdx-casp EDL muscles showed a trend to a slightly lower percentage of CNFs, but this was not statistically significant (Fig. 12) . Therefore, a change in the number of regenerating fibres is unlikely to explain the changes in fibre size observed between mdx and mdx-casp mice. Fibres remain centrally nucleated for an extended period after regeneration, and therefore CNFs may not capture all aspects of the degeneration/regeneration process. To measure degeneration in the absence of caspase-12, 5-month-old C57, casp, mdx and mdx-casp EDL muscles were immunostained for IgG to label degenerating fibres. Fibres in two stages of degeneration could be observed. Fibres in late stages of degeneration were small, misshapen and intensely stained with anti-IgG. These fibres were only observed in mdx EDL muscles (Fig. 13,  arrow) , but not in muscles from C57, casp or, notably, mdx-casp mice. Fibres in earlier stages of degeneration were large, rounded, and had less intense staining for IgG. (Fig. 13,  arrowheads) . These fibres occurred frequently in mdx muscles but their appearance was reduced in mdx-casp muscles. The total number of degenerating fibres in mdx-casp mice was decreased compared with mdx mice (Fig. 13) . Taken together, these data show that the excessive degeneration of muscle fibres in mdx mice is substantially diminished in the absence of caspase-12.
Apoptosis is minimal in 5-month-old C57 and mdx muscles Muscle fibre death may occur by necrosis or apoptosis, and one of the functions of caspase-12/4 is to initiate apoptosis. However, apoptosis is not found at high levels in adult muscle, and its contribution to the loss of muscle fibres in dystrophy is unclear. To determine whether the mechanism of recovery in the absence of caspase-12 is likely to involve apoptosis, we used TUNEL to identify nuclei with fragmented DNA in sections from 5-month-old C57 and mdx EDL muscle. We found that the percentage of nuclei with fragmented DNA was low (2.6 + 1.7% in C57 and 1.7 + 1.0% in mdx, n ¼ 3 -4 animals per genotype) and that there was no significant difference between C57 and mdx by unpaired T test. Thus, the functional improvements imparted by caspase-12 ablation cannot be attributed to a reduction in apoptosis at this age.
DISCUSSION
In this study, we discovered that heightened ER stress and UPR activation occurs in the skeletal muscles of dystrophin-deficient DMD patients and mdx mice. Furthermore, we found that blocking one pathway of the UPR by deletion of the caspase-12 gene in mdx mice preserved muscle function, restoring both specific force production and resistance to ECCs. In addition to these functional improvements, compensatory hypertrophy was abrogated, due to a decrease in fibre size, and the muscle fibre degeneration associated with loss of dystrophin was reduced almost to wild-type levels.
We found heightened UPR activation in mdx TA, EDL and diaphragm muscles at 5 months of age, including increased levels of BiP, pro-and active caspase-12, CHOP and P-JNK. Importantly, BiP and cleaved caspase-4 were also elevated in muscle samples from DMD patients. The increase in caspase-12 is consistent with a previous study that found increased caspase-12 expression in the masseter of young mdx mice (38) . Increased P-JNK, which is not specific to ER stress, has also been previously observed in 8-week-old mdx TA muscles (39) and 5-month-old mdx hearts (40) . However, to our knowledge, this is the first demonstration that the UPR components BiP and CHOP are upregulated in dystrophic muscle.
We found that deletion of caspase-12 in mdx mice led to a 75% recovery in EDL specific force production, and a 75% recovery in resistance to ECCs. These results compare favourably with other studies using transgenesis or gene targeting to modulate gene expression in the mdx mouse (Table 2) . For example, expression of a minidystrophin gene completely preserved EDL specific force, but only led to a 20% recovery in resistance to ECCs (41) , while overexpression of the dystrophin homologue utrophin completely preserved specific force in EDL and diaphragm muscles, and resistance to ECCs in EDL (42) . Overexpression of g-actin reduced susceptibility of the EDL to ECCs by 40% compared with mdx, but did not improve specific force (43) . C57 controls were not included in this study, so percentage recovery could not be calculated. For comparison, deletion of caspase-12 in our study reduced ECC susceptibility by 55% compared to mdx mice. IGF-I overexpression led to a 45% recovery of EDL susceptibility to ECCs with no difference in specific force (44) . Overexpression of the TRPV2 ion channel in mdx mice led to a 55% recovery of ECC susceptibility in the EDL (45) . Knockout of the MAPK phosphatase MKP5 led to an 80% recovery of the specific force of the EDL (46) . Therefore, with the exception of studies using utrophin or dystrophin itself, the recovery in muscle function that we obtained was comparable to, or better than, other studies that used similar protocols and ages of mice. It is worth noting that many studies on the mdx mouse rely on biochemical or histological assessment of the phenotype, and do not assess muscle function directly.
Our mdx-casp mouse strain had a mixed C57Bl10 and C57Bl6 background, while mdx mice have a C57Bl10 background. To ensure that the recovery in function in mdx-casp mice was not due to background differences, we backcrossed mdx-casp mice with mdx mice and compared mdx-casp and mdx littermates. We found that mdx littermates with a mixed background did not have improved muscle function compared with normal mdx mice, implying that introduction of the C57Bl6 background alone does not result in improvements in muscle function. This is consistent with our previous work demonstrating that there is no difference in the mechanical properties of C57Bl6 and C57Bl10 muscles (37) . Furthermore, the same differences in muscle function and size were found when comparing mdx and mdx-casp mice with identical backgrounds. However, the magnitude of the differences was different, suggesting that there may be genetic modifiers that influence the effects of caspase-12 ablation in mdx mice.
When we compared 1-year-old mice to 5-month-old mice, we found that the beneficial effects of caspase-12 deletion were partially preserved, but less pronounced than at 5 months. It may simply be that as other pathological processes not affected by ER stress become more prevalent, this outweighs the benefits provided by caspase-12 ablation. Indeed, in the mdx diaphragm, where pathology is more severe, there was no improvement in muscle function at 5 months of age, although we found that ER stress was also heightened in this muscle. An important future direction will be to investigate whether caspase-12 ablation preserves diaphragm function at earlier ages. Similarly, backcrossing mdx-casp mice onto the mdx background and comparing littermates produced more severely affected mdx mice and a less pronounced improvement in muscle function and hypertrophy, again suggesting that the degree of pathology affects the degree of recovery brought about by caspase-12 ablation. Caspase-12 deletion reduced myofibre size, and counteracted the hypertrophy present in mdx muscles. However, there were some differences in the degree of this effect between different muscles. Whereas muscle mass was completely normalized in the EDL, the mass of the TA was only normalized by 50%, and the mass of the soleus was not affected. The lack of effect on the soleus could be due to its different fibre type composition, having mostly type I and IIa fibres with little or no IIb fibres, compared with the EDL, which has predominantly type IIb fibres (47) . The fact that changes in the mass of the TA were more moderate supports this, because the TA is composed of all three fibre types.
Our data show that caspase-12 deletion prevented much of the susceptibility to ECC-induced damage in mdx mice. Susceptibility to ECCs is considered an indicator of sarcolemmal fragility, as is increased serum CK. However, we did not find a significant decrease in CK in mdx-casp mice compared with mdx mice. This indicates that baseline sarcolemmal permeability and/or membrane resealing was not improved in the absence of caspase-12. During ECCs, however, mdx-casp muscles are protected from further sarcolemmal damage or from damage to the contractile apparatus, possibly because of their smaller size, as discussed below. The fact that muscle fibre degeneration is reduced in mdx-casp muscles is consistent with their protection from contractile damage.
The mechanism by which caspase-12 deletion preserves mdx muscle function is not known. Possible mechanisms include a reduction in apoptosis, improvement in regeneration, protection of contractile proteins from proteolytic degradation or a greater robustness conferred by smaller fibre size. These are discussed in more detail in what follows.
Caspase-12 and its human equivalent caspase-4 are activated specifically by ER stress, leading to the activation of caspase-9, which activates caspase-3, leading to apoptosis. Therefore, one possible mechanism by which caspase-12 deletion preserves the function of mdx muscles is through a reduction in apoptosis. Muscle fibre death by apoptosis occurs in DMD and in the mdx mouse, although its contribution to the dystrophic phenotype remains unclear (48, 49) . We conducted our studies in 5-month-and 1-year-old mice, and consistent with previous studies (50,51), we found that levels of apoptosis are minimal by 5 months of age in mdx muscle, and are not greater than in C57 muscle. However, prevention of apoptosis at an earlier age could have led to a preservation of muscle function in the mdx-casp mouse, delaying loss of function. This could explain the partial loss of the recovery in 1-year-old mice, because the deterioration is delayed, rather than prevented completely. As discussed earlier, the progression of other pathological processes that do not involve ER stress and the UPR may gradually overcome the benefit gained through caspase-12 deletion. Studies in young or exercised mice would help to elucidate any differences in muscle fibre apoptosis between mdx and mdx-casp mice. Myofibre degeneration and death by necrosis, and subsequent regeneration, persists into adulthood in mdx mice. We found a reduction in the number of degenerating fibres in mdx-casp mice compared with mdx, indicating that caspase-12 deletion promotes muscle fibre survival. We did not find a significant decrease in CNFs in mdx-casp mice, suggesting that the degree of regeneration was not different. Hence, a shift in the balance between degeneration and regeneration may underlie the improvements in muscle function. Interestingly, caspases have been implicated in the process of myogenesis, in some cases in an apoptosisindependent manner (52-55). Specifically, the UPR is activated during differentiation of cultured myoblasts and during developmental myogenesis, and caspase-12, -9 and -3 activation occurs in apoptotic cells during in vitro differentiation and in vivo myogenesis. However, active caspase-12 is also present in nonapoptotic myogenic cells during development, indicating that it has additional functions beyond initiating apoptosis (56) . Several studies suggest a role for caspase-12, -9 and -3 in promoting myoblast differentiation (52, 53, 55) . In contrast, Moresi et al. (54) found that increased caspase activity delayed muscle regeneration, by a mechanism independent of caspase-3 and apoptosis, while caspase inhibition improved muscle regeneration.
Little is known about the substrates of caspase-12/4, other than caspase-9 and autoprocessing. Because both the total amount of caspase-12 and the extent of its cleavage are greater in mdx muscle, its protein targets would be more susceptible to degradation. Although the identification of caspase-12 substrates was not part of the current study, it is possible that Figure 11 . General morphology of C57, casp, mdx and mdx-casp muscles. Representative images of TA muscles from 5-month-old C57, casp, mdx and mdx-casp mice, stained with haematoxylin and eosin. caspase-12 may target a protein or proteins of the muscle contractile apparatus, leading to loss of contractile capacity when caspase-12 is chronically over-activated. This would then lead to the preservation of force generating capacity and resistance to damage observed when caspase-12 is deleted in mdx mice.
It is not clear whether the lack of hypertrophy in the absence of caspase-12 in mdx mice is a cause or a consequence of the recovery of muscle function. It may be the case that in the absence of a large deficit in function, hypertrophy is not triggered as a compensatory measure. On the other hand, it is possible that hypertrophy in the context of dystrophin deficiency is actually maladaptive, and that blocking this response by deleting caspase-12 results in more robust muscle fibres. The latter possibility is supported by the fact that casp mice also had smaller fibres, suggesting that fibre size reduction is a primary outcome of caspase-12 deletion. Hypertrophy might be maladaptive in mdx mice if the blood supply did not adapt to the increased size of the muscles, leading to less efficient oxygenation, if nuclear number was not increased, resulting in failure to maintain the contractile apparatus (57), or if larger fibres resulted in a greater mechanical impact on the sarcolemma. Interestingly, myostatin-null mice exhibit muscle hypertrophy coupled with a decrease in force production, while food restriction normalizes muscle mass and preserves specific force in these animals, suggesting that fibre size economy may be beneficial (58) .
A key question in light of our findings is whether caspase-4, the human equivalent of caspase-12, could be targeted pharmaceutically as a potential therapy for DMD. We observed increased levels of BiP and cleaved caspase-4 in muscles of patients with DMD, demonstrating that ER stress is heightened and the UPR is activated in dystrophic human muscle. This strongly suggests that, similar to the mdx mouse, aberrant UPR activation may contribute to pathogenesis in humans with DMD. It is encouraging to note that there is already an FDA-approved, orally administered drug, ursodeoxycholic acid (Ursodiol), that is known to alleviate ER stress, including caspase-12/4 activation (http://www.accessdata.fda.gov/scrip ts/cder/drugsatfda/ (last accessed on 27 May 2014)), and that the closely related drug, tauro-UDCA (TUDCA), is in clinical trials (http://clinicaltrials.gov/ct2/results?term=TUDCA (last accessed on 27 May 2014)). These compounds are broad inhibitors of the UPR, and have been shown to be beneficial in conditions where ER stress occurs, such as diabetes and obesity (59) (60) (61) (62) . On the other hand, a more specific drug may be desirable. Caspase-12 peptide inhibitors have been developed, such as Z-ATAD-FMK, which has been used widely in vitro, and Q-ATAD-OPH, which was designed for in vivo use. Future studies are warranted to evaluate pharmacological inhibition of this pathway for its therapeutic potential.
It is important to make clear that targeting ER stress and caspase-12/4 in DMD will not correct the primary defect, i.e. lack of dystrophin. However, there is currently no effective treatment for this devastating disease, and any drug that can substantially alleviate the decline in muscle function, especially one that could be brought rapidly to clinical trials, would be of enormous benefit to the patient community and their families. Moreover, a drug treatment that targets one of the secondary pathological consequences of dystrophin loss, i.e. ER stress, could be used in combination with other treatments currently being developed to address the primary deficit, such as exon-skipping, gene therapy or utrophin upregulation, which show great promise, but are not by any means 100% efficacious (63 -69) .
In summary, our findings reveal ER stress and caspase-12/4 as a novel pathway contributing to the pathology of dystrophinopathies, and identify human caspase-4 as a potential therapeutic target for DMD. Further studies will be important to fully understand the mechanism by which caspase-12 deletion preserves dystrophic muscle function, and to determine whether pharmaceutical targeting of caspase-12/4 produces similar results. Encouragingly, drugs targeting this pathway are already FDA-approved or in clinical trials, and could be rapidly brought to clinical use if found to be effective in animal models.
MATERIALS AND METHODS
Animals
All animal experiments were approved by the University of Pennsylvania Institutional Animal Care and Use Committee. Caspase-12-null (casp) mice were a generous gift of the Yuan lab (Harvard University) (29) . These were maintained on a C57Bl/6 background strain. C57Bl/6 mice were used as wildtype controls, and mdx (C57Bl/10 background strain) were used as dystrophic controls. Male casp mice were bred with female mdx mice, resulting in a hemizygous F1 generation. Males and females from this generation were bred, resulting in a group of mice that were homozygous null for Caspase-12 and also homozygous for the X-linked mdx mutation. Screening to confirm the mdx dystrophin gene mutation was done by PCR using primers spanning the site of mutation, and subsequent sequencing of the product. Screening to confirm caspase-12 ablation was done by PCR using pairs of primers specific to the wild-type and ablated caspase-12 gene, respectively. The F2 generation had the expected proportions of homozygosity according to Mendelian genetics. Mice exhibiting the desired genotype were bred to establish homozygotic lines of mdxcasp mice. Mice from the F4 and subsequent generations were used for analysis. For all animal groups, experiments were performed at 5 months and 1 year of age for functional analysis and at 5 months for all other analyses.
Immunoblotting
TA, EDL and diaphragm muscles were dissected from 5-month-old C57, casp, mdx and mdx-casp mice, snap-frozen in liquid nitrogen and stored in liquid nitrogen. Lysates were prepared using RIPA buffer (50 mM HEPES pH7.5, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 15 mM p-nitrophenyl phosphate disodium hexahydral, 1% NP-40, 0.1% SDS, 1% deoxycholate, 0.025% sodium azide) with protease and phosphatase inhibitor cocktails added (Sigma). Protein concentration was assayed using a Bradford method protein assay kit (Bio-Rad). 30-90 mg total protein were separated by SDS -PAGE using precast Tris-HCl gels (Bio-Rad) and transferred to PVDF membranes, which were blocked in 5% non-fat milk in TBST (10 mM Tris, 150 mM NaCl, 0.1% v/v Tween-20, pH8), then probed with antibodies to BiP (Becton Dickinson 60979), CHOP (Santa Cruz sc-7351), caspase-12, caspase-4 (Abcam ab10455 and ab22687), P-JNK, total (T)-JNK (Cell Signaling 9255 and 9252), GAPDH (Santa Cruz sc-32233) and tubulin (Sigma T5168) diluted in blocking solution. Membranes were washed with three changes of blocking solution for 10 min each, incubated with HRP-conjugated secondary antibodies (Cell Signaling), washed with three changes of TBST for 10 min each and labelled bands visualized using ECL Plus reagent (Pearce) and autoradiography film (Kodak/GeneMate). Band densities were quantified using ImageJ (NIH). BiP, CHOP and caspase-12 were normalized to tubulin and P-JNK was normalized to T-JNK.
For human samples, 25 pooled, 10 mm frozen sections of quadriceps biopsies from DMD patients and healthy male controls were lysed in RIPA buffer, and 5% of the lysate was used for immunoblotting, as described earlier. Samples were obtained from the Muscular Dystrophy Tissue and Cell Repository at the University of Iowa. DMD patients were aged between 5 and 8 years, and controls were aged between 3 and 13 years.
Muscle functional testing
Five-month and 1-year-old male C57, casp, mdx and mdx-casp mice were anaesthetized using ketamine and xylazine, before EDL and diaphragm muscles were dissected. For the diaphragm, a strip was cut, following the line of the muscle fibres. EDL muscles and diaphragm strips were secured in an organ bath filled with oxygenated Ringer's solution (119 mM NaCl, 4.74 mM KCl, 2.54 mM CaCl 2 , 1.18 mM KH 2 PO 4 , 1.18 mM MgSO 4 , 25 mM HEPES, 2.75 mM glucose, 25 mM HEPES, 2.75 mM glucose) and adjusted to their optimum length (L o ) based on maximum twitch force. L o was measured with Vernier callipers before the muscle was subjected to functional testing. Twitch force was measured by stimulating with a single 0.5 ms pulse at supramaximal stimulation. Tetanic force was measured by stimulating for 500 ms at 120 Hz for EDL and 800 ms at 100 Hz for diaphragm, at supramaximal stimulation. ECCs consisted of an isometric tetanic contraction lasting 700 ms with a stretch of 10% L o superimposed during the last 200 ms. ECCs were repeated five times with a 5 min rest in between. For further details on muscle functional testing refer 
Serum CK assay
Blood was drawn from anaesthetized mice by cardiac puncture prior to beginning dissection, and allowed to clot at room temperature before centrifuging for 20 min at 2000 g. Supernatants (serum) were retained and stored in a liquid nitrogen freezer.
Creatine kinase activity was assayed using a creatine kinase-SL assay kit from Sekisui Diagnostics, using the manufacturer's protocol adapted for a 96-well plate reader.
Fibre size distribution, fibre type, central nucleation and degeneration measurement
Frozen 10 mm sections were cut from EDL muscles of 5-monthold C57, casp, mdx and mdx-casp mice. Sections were washed in PBS, blocked in 5% bovine serum albumin in PBS, and immunostained using antibodies to laminin (Thermo Scientific), to label the sarcolemma, and MyHC IIb (Developmental Studies Hybridoma Bank). For degeneration, anti-mouse IgG was added without any mouse primary antibody to label degenerating fibres (71) , which were co-stained with laminin. Nuclei were labelled with DAPI incorporated into the mounting media (Vectashield). Images were taken using a Leica DM RBE microscope and Leica DFC350FX camera, and image analysis to measure the CSA of the fibres, the percentage of fibres positive for MyHC IIb and the percentage of fibres with central nuclei was done using Matlab (Mathworks). Degenerating fibres were counted manually and expressed as a percentage of total fibres counted on serial sections.
Haematoxylin and eosin staining
Frozen 10 mm sections of TA muscle from 5-month-old C57, casp, mdx and mdx-casp were incubated in two changes of PBS for 10 min each, then incubated in Haematoxylin Stain 1, Gill Method solution (Fisher) for 5 min. After washing in distilled water, they were incubated for 1 min in Eosin Y solution alcoholic (Sigma), washed twice in 90% ethanol, twice in 100% ethanol and twice in Citrisolv (Fisher) before mounting with Cytoseal 60 (Thermo Scientific). Images were taken using a Nikon Eclipse 80i microscope and Nikon Digital Sight DS-Fi1 camera.
Measurement of apoptotic index
Detection of DNA fragmentation in 10 mm frozen sections of EDL from 5-month-old C57 and mdx mice was done using the FragEL DNA Fragmentation Detection Kit, Colorimetric -TdT enzyme (EMD Millipore). The manufacturer's protocol was used, with the following modifications: the H 2 O 2 incubation was omitted because it was found to increase background, the TdT enzyme was used at a dilution of 1:80 and the TdT incubation time was 30 min. Images were taken using a Nikon Eclipse 80i microscope and Nikon Digital Sight DS-Fi1 camera. One field from the centre of each EDL muscle was analysed. Labelled nuclei were counted and expressed as a percentage of total nuclei (counterstained with methyl green).
Measurement of fibrosis
Frozen 10 mm sections were cut from EDL muscles and diaphragm strips of 5-month-old C57, casp, mdx and mdx-casp mice. Sections were fixed in 4% formaldehyde for 10 min, rinsed in distilled water, air dried and stained in Pico-Sirius Red (1% w/v Direct Red 80 in saturated picric acid) for 1 h. Sections were washed in two changes of acidified water (5% v/v glacial acetic acid in tap water), dehydrated in three changes of 100% ethanol, cleared with Citrisolv (Fisher) and mounted with Cytoseal (Thermo Scientific). Images were taken using a Nikon Eclipse 80i microscope and Nikon Digital Sight DS-Fi1 camera, and image analysis to measure the percentage area positive for collagen staining was done using Matlab.
Statistics
Statistical significance was determined using one-way ANOVA with Tukey's Multiple Comparison Test for all comparisons between C57, casp, mdx and mdx-casp mice. For comparison of caspase-12 levels between C57 and mdx mice a two-tailed, unpaired T test was used, assuming equal variance. For analysis of BiP levels between control and DMD biopsies, a Mann-Whitney test was used. For analysis of cleaved caspase-4, a one sample T test was used, comparing to 0. Percentage recovery was defined as 100×[(mdx-casp value2 mdx value)/(C57 value2mdx value)], as described in Treat-NMD Protocol DMD_M.1.1.001.
